Metachromatic leukodystrophy (MLD) is a lysosomal storage disorder caused by the deficiency of arylsulfatase A (ASA). This results in
Introduction
Metachromatic leukodystrophy (MLD) is an autosomal recessively inherited lysosomal storage disease characterized by accumulation of sulfated glycosphingolipids, mainly 3-Osulfogalactosylceramide (sulfatide), in the nervous system and various other organs (von Figura et al., 2001 ). Sulfatide is a major sphingolipid of myelin, constituting ϳ5% of myelin lipids (Norton and Autilio, 1966) . It fulfils important functions in the formation and maintenance of the myelin sheath and paranodal junctions Ishibashi et al., 2002; Marcus et al., 2006) . It is a negative regulator of oligodendrocyte differentiation (Bansal et al., 1999) . MLD is caused by arylsulfatase A (ASA) deficiency, attributable to mutations in the ASA gene Arsa, resulting in the inability to degrade sulfatide and related sulfated lipids (Shapiro et al., 1979; Gieselmann, 2003) . MLD patients suffer from a progressive loss of myelin and exhibit various neurological symptoms (von Figura et al., 2001 ). The molecular mechanisms causing demyelination and the neurological symptoms are not understood.
ASA-deficient [ASA(Ϫ/Ϫ)] mice exhibit sulfatide storage patterns similar to human MLD patients (Hess et al., 1996; D'Hooge et al., 2001; Wittke et al., 2004) . These mice, however, do not show significant myelin abnormalities and thus lack the pathological hallmark of the disease. Consequently, reduction in nerve conduction velocity (NCV), progressive paralysis, and peripheral neuropathy as signs of the human disease were not observed in ASA(Ϫ/Ϫ) mice (Hess et al., 1996; Wittke et al., 2004) . We hypothesized that a possible way to transform ASA(Ϫ/Ϫ) mice into a MLD model would be to increase sulfatide synthesis in these mice. Sulfatide is synthesized in the Golgi apparatus by galactose-3-O-sulfotransferase-1 (Gal3st1) transferring sulfate from 3Ј-phosphoadenosine-5Ј-phosphosulfate (PAPS) to galactosylceramide (GalC) (see Fig. 1 ) (for review see, Honke et al., 2004) . We show here that overexpression of the Gal3st1 gene, under control of the proteolipid protein (PLP) promoter, in oligodendrocytes and Schwann cells of ASA(Ϫ/Ϫ) mice leads to a significant increase in sulfatide storage in the nervous system. Moreover, these transgenic (tg) mice develop myelin pathology in the CNS and particularly in the peripheral nervous system (PNS).
Materials and Methods
Generation of PLP-Gal3st1 tg mice. Mouse Gal3st1 cDNA was subcloned into the PmeI site of the PLP promoter cassette (kindly provided by W. B. Macklin, Cleveland Clinic Foundation, Cleveland, OH) ( Fig. 1) . To generate tg mice, vector sequences were removed from the plasmid by digesting the DNA with NotI and ApaI, followed by agarose gel purification. Pronucleus injection into fertilized eggs from F2 C57BL/6 ϫ CBA mice was performed at the Karolinska Center for Transgene Technologies (Stockholm, Sweden). Founder mice were identified by Southern blotting of StyI-digested genomic tail DNA using a [ 32 P]-labeled Gal3st1 cDNA probe. Two (female) tg founder mice (tg2639 and tg2645) were bred with ASA(Ϫ/Ϫ) mice (129/Ola background). Genotyping of mice was done by PCR on genomic mouse tail DNA. Mice in an advanced state of paralysis and with feeding problems were killed to minimize animal suffering. Animal experiments were approved by the local committee for animal welfare (Bezirksregierung Köln). 4 , 0.5 U/l pyrophosphatase, and murine PAPS synthetase. The reaction was performed at 37°C for 3 h and stopped by incubating the reaction mix at 95°C for 5 min. Cerebroside sulfotransferase activity was determined as described previously (Eckhardt et al., 2002) . Briefly, brain homogenates in TBS were adjusted to protein concentrations of 10 mg/ml. The assay was started by the addition of 10 l of the homogenate to 40 l of reaction mixture containing 100 mM TrisHCl, pH 7, 20 mM MgCl 2 , 2.5 mM ATP, and 50 M [ 35 S]-PAPS (ϳ3.7 MBq/mol). After incubation at 37°C for 2 h, reaction products were extracted by chloroform/methanol (2:1), loaded on silica gel 60 HPTLC plates (Merck, Darmstadt, Germany) , and developed with chloroform/ methanol/water (65:25:4, v/v/v) as the solvent system. Radioactivity was visualized using Bioimager screens (Fuji/Raytest, Straubenhardt, Germany) and quantified using AIDA software (Raytest).
Lipid analysis. Myelin was purified from total brains by sucrose gradient centrifugation, as described previously (Norton and Poduslo, 1973) . Purified myelin, total brain samples, or peripheral nerves (plexus brachialis, sciatic nerve) were homogenized in 20 vol of chloroform/methanol (2:1), and sphingolipids were isolated as described previously (Yaghootfam et al., 2005) . Lipid samples were loaded onto silica gel 60 thinlayer chromatography (TLC) plates (Merck) manually or using an automatic TLC sampler (CAMAG, Berlin, Germany) and developed using chloroform/methanol/water (60:27:4, v/v/v) as the solvent system. Standard substances used were phosphatidyl ethanolamine, sulfatide, sphingomyelin, and GalC from bovine brain (Sigma, Taufkirchen, Germany). For lipid quantification, serial dilutions of the standard lipids (0.2-4 g) were applied onto the same TLC plate as the samples. Lipids were visualized by spraying cupric sulfate in aqueous phosphoric acid on the TLC plates, followed by incubation at 180°C for 7 min (Yao and Rastetter, 1985) . Stained plates were scanned, and lipids were quantified by densitometry using AIDA software (Raytest).
Northern blot analysis. Total RNA was isolated from whole brain using TRIzol (Invitrogen, Karlsruhe, Germany) as per the manufacturer's instruction. Total RNA (20 g per lane) were separated in 1 M formaldehyde/1% agarose gels and blotted onto Hybond-N ϩ nylon membranes (Amersham Biosciences). Membranes were hybridized to a mouse Gal3st1 cDNA probe labeled with [␣-32 P]-dCTP, using the Megaprime Random Labeling kit (Amersham Biosciences) as described previously (Yaghootfam et al., 2005) . Membranes were exposed to Bioimager screens (Fuji/Raytest).
Western blot analysis. Mouse brains were homogenized with a homogenizer (Ultra-turrax; Janke & Kunkel, Staufen, Germany) in 10 mM Tris-HCl, 150 mM NaCl, pH 7.4 (TBS), with protease inhibitors and 2 mM EDTA. The crude homogenate was treated with 1% Triton X-100 for 30 min on ice and centrifuged at 15,000 ϫ g for 20 min at 4°C. The supernatant was collected and subjected to Western blot analysis. Protein estimation was done with the Bio-Rad (Hercules, CA) DC protein assay kit, with BSA as the standard. Fifty micrograms of protein per lane were loaded on a 12.5% SDS-PAGE. Myelin basic protein (MBP) was stained with rabbit MBP antiserum (Chemicon, Hofheim, Germany) and peroxidase-conjugated anti-rabbit Ig (Jackson ImmunoResearch/Dianova, Hamburg, Germany). Actin was detected with monoclonal anti-actin Ig (Sigma) and peroxidase-conjugated anti-mouse Ig (Jackson ImmunoResearch/Dianova). Bound secondary antibodies were detected using enhanced chemiluminescence as described previously (Fewou et al., 2005) .
Rotarod test. Rotarod tests were performed as described previously (Kuhn et al., 1995; Zöller et al., 2005) with minor modifications. Mice were accustomed to the rotarod apparatus by placing them on the rotating rod (3 or 1.3 rpm) for 10 s on 3 consecutive days. On the fourth day, mice were tested for 1 min at 3 rpm (5-11 months) or 1.3 rpm (21-24 months), and the number of falls was recorded. The timing was stopped each time the mouse fell off the rod. The number of cumulative falls per minute was calculated, and the differences of mean values were tested for statistical significance using the t test.
Histology and electron microscopy. Mice were anesthetized and perfused with 6% glutaraldehyde (in 100 mM sodium phosphate buffer, pH 7.4) or 25% Bouin's solution (in PBS). Sulfolipid storage in the spinal cord was detected as described previously (Wittke et al., 2004) : (1) in vibratome slices (100 m) incubated with alcian blue and (2) in paraffin sections (5 m) after pre-embedding incubation with alcian blue. Semithin sections were stained with toluidine blue, and ultrathin sections were processed according to standard methods. The animals used for morphologic examination were 17-19 months old: ASA(ϩ/Ϫ), n ϭ 2; tg/ASA(ϩ/Ϫ), n ϭ 3; ASA(Ϫ/Ϫ), n ϭ 3; tg/ASA(Ϫ/Ϫ), n ϭ 4. Electrophysiological investigations. As described previously (Zielasek et Figure 1 . Biosynthesis and degradation of sulfatide. GalC is synthesized in the endoplasmic reticulum by the transfer of galactose to ceramide, which is catalyzed by the UDP-galactose: ceramide galactosyltransferase (EC 2.4.1.45). In the Golgi appartus, GalC is converted to sulfatide by the transfer of a sulfate group from PAPS to the galactose residue, which is catalyzed by the Gal3st1 (EC 2.8.2.11). Degradation of sulfatide in lysosomes starts with the hydrolysis of the sulfate residue by ASA (EC 3.1.6.8).
al., 1996), motor nerve conduction of sciatic nerves and electromyography (EMG) of intrinsic foot muscles were studied in anesthesia.
Compound muscle action potential (CMAP) and F-wave response were recorded with needle electrodes in the foot muscles after supramaximal stimulation of the tibial nerve at the ankle and proximal stimulation of the sciatic nerve at the sciatic notch. When the nerve is stimulated at the ankle, the action potential is conducted both in distal direction, giving rise to the compound action potential, and in proximal direction to the motor neuron. In a small proportion of motor neurons, the action potential is "reflected" and travels in distal direction to the muscle, eliciting the F wave. Because of the long distance, F-wave latency is particularly helpful in assessing demyelination. A reduction in CMAP amplitude is indicative of axonal loss, both primary and secondary because of a demyelinating condition. An EMG of foot muscles was assessed for spontaneous activity. Spontaneous activity is found in muscles after denervation because of the loss of motor axons. Statistical analysis was performed using the t test.
Results

Generation and phenotype of PLPGal3st1 tg ASA(؊/؊) mice
To overexpress Gal3st1 in myelinating cells, a mouse Gal3st1 cDNA was subcloned into a PLP promoter cassette ( Fig.  2 A) , which has been shown to drive transgene expression in oligodendrocytes and Schwann cells (Fuss et al., 2001) . Two founder mice (tg2639 and tg2645) were bred with ASA(Ϫ/Ϫ) mice to generate transgenic PLP-Gal3st1 transgenic ASA(Ϫ/Ϫ) [tg/ ASA(Ϫ/Ϫ)] mice (the PLP-Gal3st1 transgene will be referred to in the text as "tg"). Gal3st1 transgene expression was confirmed by Northern blot analysis (Fig. 2B ). Gal3st1 was highly expressed in the brain of tg mice, severalfold above the endogenous Gal3st1 mRNA level (expression levels were tg2645Ͼtg2639). In brain homogenates, Gal3st1 enzyme activity was increased ϳ60-fold in the line tg2639 at 3 weeks and 3 months of age and 200-fold in adult tg2645 mice compared with wild-type controls (Fig.  2C ). Behavior of tg mice on a wild-type or ASA(ϩ/Ϫ) background, as casually observed by the experimenters, was indistinguishable from wild-type controls. Similarly, until ϳ1 year of age, appearance and behavior of tg/ASA(Ϫ/Ϫ) mice were indistinguishable from non-tg ASA(Ϫ/Ϫ) mice.
Older tg/ASA(Ϫ/Ϫ) mice, however, developed severe behavioral abnormalities. When suspended by their tails, ASA(ϩ/Ϫ), tg/ ASA(ϩ/Ϫ) (data not shown), and ASA(Ϫ/Ϫ) mice ( Fig. 2D ) spread their hindlimbs. In contrast, older (Ͼ16 months) tg/ASA(Ϫ/Ϫ) mice often grasp their hindlimbs to their body (Fig. 2E) . Moreover, tg/ analysis of tg mice of lines tg2639 and tg2645 and non-tg wild-type littermates (wt) at 3 months of age. Equal loading was confirmed by ethidium bromide staining (EtBr). Both, transgene and endogenous Gal3st1 mRNA had a size of 1.8 kb (expression levels: tg2645Ͼtg2639Ͼ Ͼwt). C, Gal3st1 activity (mean ϩ SD) in brain homogenates of 3-week-old (tg2639, n ϭ 3), adult tg (tg2639, 3 months, n ϭ 3; tg2645, 4 -6 months, n ϭ 2) and wt (3 weeks and 3 months, n ϭ 3; 4 -6 months, n ϭ 2) mice. Gal3st1 activity was increased 60-and 200-fold, respectively, in tg mice of the lines tg2639 and tg2645 compared with wt controls. D, E, In a tail suspension test, non-tg ASA(Ϫ/Ϫ) mice (D) spread their hindlimbs, whereas tg/ASA(Ϫ/Ϫ) mice (E) often grasp the hindlimbs to their body. F, tg/ASA(Ϫ/Ϫ) mice develop a progressive hindlimb paralysis. G, H, Motor coordination deficits in tg ASA(Ϫ/Ϫ) mice were measured using a rotarod at 3 rpm (G) and 1.3 rpm (H ) as described in Materials and Methods. G, ASA(Ϫ/Ϫ) and tg/ASA(Ϫ/Ϫ) mice at 5-7 and 11 months of age (n ϭ 4) were tested on the rotating rod (3 rpm) for 1 min. The number of cumulative falls (mean ϩ SD) was determined. There was no significant difference between ASA(Ϫ/Ϫ) and tg/ ASA(Ϫ/Ϫ) mice. H, Mice of the following genotypes were tested at 21-24 months of age: ASA(ϩ/Ϫ) [age (mean Ϯ SD), 22 Ϯ 1 months; n ϭ 6], tg/ASA(ϩ/Ϫ) (line tg2639; 22 Ϯ 1 months; n ϭ 10), ASA(Ϫ/Ϫ) (23 Ϯ 1 months; n ϭ 6), and tg/ ASA(Ϫ/Ϫ) mice (line tg2639; 22 Ϯ 1 months; n ϭ 7). Rotarod speed was reduced to 1.3 rpm. At this age, the difference between tg/ASA(Ϫ/Ϫ) and ASA(Ϫ/Ϫ) was statistically significant (t test, *p Ͻ 0.05). Similar results were obtained for tg mice of both lines, and therefore data were combined at 5-11 months of age. CST, Mouse Gal3st1 cDNA.
ASA(Ϫ/Ϫ) mice developed a progressive hindlimb paralysis (Fig. 2F) . ASA(ϩ/Ϫ) mice do not show any detectable sulfatide storage in the nervous system and are, in general, indistinguishable from ASA(ϩ/ϩ) mice (data not shown). This is in agreement with the fact that for most lysosomal enzymes, a reduction in activity to 50 -20% of normal does not influence the turnover rate of their substrates (Kolter and Sandhoff, 1998) . As shown below, we could not detect sulfatide storage material in tg/ASA(ϩ/Ϫ) mice, suggesting that the ASA activity in these mice was sufficient for a normal sulfatide turnover. We therefore assumed that the phenotype of tg/ASA(ϩ/Ϫ) will be similar or identical to that of tg/ASA(ϩ/ϩ) mice, and to facilitate breeding, we used ASA(ϩ/Ϫ) and tg/ASA(ϩ/Ϫ) mice as controls throughout this study.
To examine motor coordination capabilities of tg/ASA(Ϫ/Ϫ) mice, rotarod tests were performed with tg/ASA(Ϫ/Ϫ), non-tg ASA(Ϫ/Ϫ), tg/ASA(ϩ/Ϫ), and ASA(ϩ/Ϫ) mice at different ages. No significant differences between ASA(Ϫ/Ϫ) and tg/ASA(Ϫ/Ϫ) were observed in mice up to 11 months of age (Fig. 2G) . Older tg/ASA(Ϫ/Ϫ) mice (21-24 months old mice), however, were unable to stay on the rotating rod because of progressive hindlimb paralysis (Fig. 2 H) .
Increased sulfatide levels in the nervous system of tg/ASA(؊/؊) mice To test the hypothesis that the observed phenotype of tg/ASA(Ϫ/Ϫ) mice correlated with elevated sulfatide levels, we examined sulfatide accumulation in brain and peripheral nerves by TLC and by histological methods. Total brain lipids were isolated from brain ( Fig. 3 A, B) and purified myelin (Fig. 3C ) of tg/ASA(Ϫ/Ϫ) and controls [ASA(ϩ/Ϫ), tg/ASA(ϩ/Ϫ), ASA(Ϫ/Ϫ)] at 6 months of age (Fig. 3A) and 20 -24 months of age (Fig. 3 B, C) . Lipids were separated by TLC and quantified by densitometry (Fig. 3D-F ) . At 6 months of age, sulfatide levels were slightly increased in ASA(Ϫ/Ϫ) mice (ϩ20%) compared with ASA(ϩ/Ϫ) mice (Fig. 3D ), in agreement with previous observations (Yaghootfam et al., 2005) . This increase was more pronounced in tg/ASA(Ϫ/Ϫ) mice (ϩ40%). Interestingly, despite the high sulfotransferase activity in the transgenic mice, sulfatide levels were only weakly increased (statistically not significant) in tg/ASA(ϩ/Ϫ) mice (Fig. 3D) . As expected, sulfatide accumulation increased with age in ASA(Ϫ/Ϫ) [ϩ85% in 20-to 24-month-old mice compared with ASA(ϩ/Ϫ) controls] and tg/ASA(Ϫ/Ϫ) (ϩ170%) mice (Fig. 3D) . Thus, compared with ASA(Ϫ/Ϫ) mice, tg/ASA(Ϫ/Ϫ) mice accumulated about two times more sulfatide, suggesting a twofold increase in sulfatide synthesis in tg mice. As reported previously (Yaghootfam et al., 2005) , sulfatide accumulation was accompanied by reduced GalC levels in ASA(Ϫ/Ϫ) mice (Fig. 3E ). Interestingly, the GalC level was reduced to the same extent in tg/ASA(ϩ/Ϫ) mice, which might indicate an increase in sulfatide synthesis. A much stronger decrease in GalC level was found in samples from tg/ASA(Ϫ/Ϫ) mice. Elevated sulfatide levels in tg/ASA(Ϫ/Ϫ) mice compared with ASA(Ϫ/Ϫ) mice were also observed in purified myelin (Fig.  3C,F ) . Similarly, peripheral nerves of tg/ASA(Ϫ/Ϫ) mice displayed a significant increase in sulfatide compared with non-tg ASA(Ϫ/Ϫ) mice (Fig. 3G,H, plexus brachialis, I, J, sciatic nerve) . Sulfatide, GalC, and phosphatidyl ethanolamine levels were determined by densitometry, and sulfatide and GalC levels were normalized to phosphatidyl ethanolamine. D-F, Sulfatide levels (mean Ϯ SD; n ϭ 3) and GalC levels after normalization to phosphatidyl ethanolamine; lipid levels in ASA(ϩ/Ϫ) samples were set to 100%. The data shown are from mice of the transgenic line tg2639; similar results, however, were obtained with samples from the second line, tg2645 (data not shown). G, H, Lipid analysis of the plexus brachialis from 20-to 24-month-old mice of the indicated genotypes. Sulfatide levels were determined as described above for brain lipids [mean Ϯ SD; n ϭ 3, except for ASA(ϩ/Ϫ) (n ϭ 2)]. I, J, Lipid analysis of sciatic nerves from 18-month-old ASA(Ϫ/Ϫ) and tg/ASA(Ϫ/Ϫ) mice (mean Ϯ SD; n ϭ 3). Asterisks indicate statistically significant differences ( p Ͻ 0.05, ANOVA with post hoc Bonferroni test). Sulf, Sulfatide; PE, phosphatidyl ethanolamine.
In the case of the peripheral nerves (plexus brachialis), we found a slight (30%), but statistically significant, increase in sulfatide in tg/ASA(ϩ/Ϫ) compared with ASA(ϩ/Ϫ) controls (Fig. 3H ).
Histological examination of sulfolipid storage in tg/ASA(؊/؊) mice
In line with the biochemical results, morphological observations indicated increased sulfolipid storage in tg/ASA(Ϫ/ Ϫ)mice compared with non-tg ASA(Ϫ/Ϫ) mice. Sulfolipid storage, as detectable by alcian blue staining, was investigated in spinal cord (Fig. 4) and peripheral nerves of ASA(ϩ/Ϫ), tg/ASA(ϩ/Ϫ), ASA(Ϫ/Ϫ), and tg/ASA(Ϫ/Ϫ) mice at 17-18 months of age (transgenic line tg2645). In ASA(ϩ/Ϫ) and tg/ASA(ϩ/Ϫ) mice, no sulfatide storage was detected, as indicated by the absence of alcianophilic material (Fig. 4 A) . In tg/ASA(Ϫ/Ϫ) mice, the amount of alcianophilic material was increased compared with non-tg ASA(Ϫ/Ϫ) mice (Fig. 4 B, C) . This was attributable mainly to increased storage in activated microglia/macrophages and oligodendrocytes (Fig. 4 D-I ), whereas storage in neurons was similar as in non-tg ASA(Ϫ/Ϫ) mice. The respective cell types could be identified in vibratome slices, paraffin sections, and semithin sections and by electron microscopy. The ultrastructure of the storage material in macrophages (data not shown) and oligodendrocytes (Fig. 4 I) resembled that in previous descriptions (Wittke et al., 2004) . In the peripheral nerves (sciatic, hypoglossal, iliohypogastric, trigeminal, and phrenic nerves) of tg/ASA(Ϫ/Ϫ) mice, Schwann cell profiles and macrophages with large amounts of storage material occurred more frequently than in non-tg ASA(Ϫ/Ϫ) mice ( Fig. 4J,K ; see also Fig. 6 ).
Reduced MBP levels in aged tg/ASA(؊/؊) mice
To examine the possibility of myelin loss as a result of increased sulfatide storage in tg/ASA(Ϫ/Ϫ) mice, MBP levels were examined by Western blotting. At 7 months of age, MBP levels were identical in all genotypes analyzed (Fig. 5A) . In 17-to 18-monthold tg/ASA(Ϫ/Ϫ) mice, however, we found a decrease in MBP protein levels in both lines of tg/ASA(Ϫ/Ϫ) mice compared with ASA(ϩ/Ϫ) (Fig. 5B) . In contrast, MBP levels were not diminished in ASA(Ϫ/Ϫ) and tg/ASA(ϩ/Ϫ) mice (Fig. 5) .
Myelin in peripheral nerves
The peripheral nerves (iliohypogastric, hypoglossal, and phrenic nerves) were evaluated in semithin sections and by electron microscopy. Mice of both transgenic lines were examined. Data shown below are from the line tg2645; however, similar results were obtained with mice of the line tg2639. The nerves of tg/ASA(Ϫ/Ϫ) mice appeared thicker than those of the other genotypes (Fig. 6 ). This was attributable to an increase in extracellular matrix, mainly collagen fibrils, in the endoneurial space (Fig. 6 H) . Schwann cells with large amounts of storage material were more frequent in tg/ ASA(Ϫ/Ϫ) than in non-tg ASA(Ϫ/Ϫ) mice. Myelin thickness in tg/ASA(Ϫ/Ϫ) nerves was clearly reduced compared with ASA(Ϫ/Ϫ). Additionally, the nerves of tg/ASA(Ϫ/Ϫ) showed increased numbers of free Schwann cells between the nerve fibers as well as Schwann cell processes concentrically arranged around thinly myelinated nerve fibers. Furthermore, the nerves of tg/ASA(Ϫ/Ϫ) mice showed several mediumsized axon profiles, which were surrounded either by very few myelin lamellae or by Schwann cell processes without any myelin (data not shown), suggesting incipient remyelination. In tg/ASA(ϩ/Ϫ) and ASA(Ϫ/Ϫ) mice, such features were very rare (Fig. 6 F) . Together, peripheral nerves of tg/ASA(Ϫ/Ϫ) mice showed typical features of hypertrophic neuropathy, which is the result of repeated demyelination and remyelination events. Vibratome slices of 17-month-old mice were incubated with alcian blue to detect sulfoglycolipds. Mice were from the transgenic line tg2645. A, In the tg/ASA(ϩ/Ϫ) spinal cord, no alcianophilic material is seen. B, In the non-tg ASA(Ϫ/Ϫ) spinal cord, alcianophilic material is seen mainly in the gray matter, where it is contained in neurons and micoglia/macrophages (details not shown). C, In the tg/ASA(Ϫ/Ϫ) spinal cord, the frequency of alcianophilic structures is increased. This is related mainly to increased numbers of sulfolipid-storing microglia/macrophages in the gray matter as well as the white matter. D, E, Details of the gray matter in the tg/ASA(Ϫ/Ϫ) spinal cord (D, paraffin section, pre-embedding incubation with alcian blue; E, semithin section, stained with toluidine blue). Storage in neurons and macrophages is evident. F-H, Details in the white matter shown in paraffin sections (pre-embedding incubation with alcian blue as in D). In the non-tg ASA(Ϫ/Ϫ) mouse (F ), the alcianophilic material detected in this type of preparation is rather scarce, whereas in the tg/ASA(Ϫ/Ϫ) mouse (G), many small and some large alcianophilic profiles are seen. The latter correspond to macrophages (M) as shown in H (enlarged area marked in G), whereas most of the numerous small profiles correspond to oligodendrocytes and oligodendrocytic processes. I, The ultrastructure of an oligodendrocyte; the cytoplasm contains numerous lamellated inclusions of low electron density (arrows). Nuc, Nucleus. J, K, Trigeminal nerves (paraffin sections, pre-embedding incubation with alcian blue as in D). Alcianophilic material is seen in macrophages and Schwann cells (SC) 
Myelin in the CNS
The number of lipid storing macrophages were massively increased in the corpus callosum (Fig. 7) and the optic nerve (Fig. 8 ) of tg/ASA(Ϫ/Ϫ) mice. Data shown in Figures 7-9 are from the transgenic line tg2645. Myelin was morphologically examined in the corpus callosum (Fig. 9 ) and optic nerve (Fig. 8) . In the corpus callosum of tg/ASA(Ϫ/Ϫ) mice (Fig. 9D) , the thickness of the myelin sheaths appeared inhomogeneous compared with ASA(Ϫ/Ϫ) mice (Fig. 9C) , and areas containing hypomyelinated and unmyelinated axons were observed more frequently in tg/ ASA(Ϫ/Ϫ) mice than in non-tg ASA(Ϫ/Ϫ) mice. In the optic nerve of tg/ASA(Ϫ/Ϫ) mice, thinly myelinated and unmyelinated axons of relatively large diameters were observed, suggesting remyelination and demyelination (Fig. 8H) . Similar findings occurred only rarely in ASA(Ϫ/Ϫ) mice (Fig. 8G) . Compared with ASA(Ϫ/Ϫ) mice, the tg/ASA(Ϫ/Ϫ) mice showed an enormous increase in sulfolipidstoring macrophages (Fig. 8D) . Most retinas of ASA(Ϫ/Ϫ) mice, and occasionally also tg/ASA(ϩ/Ϫ) mice, displayed photoreceptor cell degeneration (data not shown). Because this occurred in animals of all genotypes, it is unlikely that this accounts for the more severe myelin affection in the tg/ASA(Ϫ/Ϫ) mice.
Impaired nerve conduction in tg/ASA(؊/؊) mice
Electrophysiological examinations of sciatic nerves were performed on 22-to 24-month-old animals (data of both transgenic lines were combined; representative examples of these experiments are shown in Fig. 10 ). tg/ASA(ϩ/Ϫ) animals did not show any electrophysiological abnormalities compared with ASA(ϩ/Ϫ) mice. In contrast, tg/ ASA(Ϫ/Ϫ) mice showed severe conduction defects with a significantly reduced NCV (Fig. 10C , Table 1 ). Furthermore, F-wave latency was significantly increased in tg/ASA(Ϫ/Ϫ) mice compared with controls. CMAP amplitude was reduced to 6.3 Ϯ 4.2 mV in tg/ASA(Ϫ/Ϫ) compared with 16.1 Ϯ 4.0 mV in tg/ASA(ϩ/Ϫ) mice. In contrast, electrophysiological parameters of ASA(Ϫ/Ϫ) mice were not significantly different from ASA(ϩ/Ϫ) controls, except for a slight increase in the F-wave latency (Table 1) . Whereas in ASA(ϩ/Ϫ), ASA(Ϫ/Ϫ), and tg/ASA(ϩ/Ϫ) mice no spontaneous activity could be found in the intrinsic foot muscles, moderate to marked spontaneous activity was observed by EMG in foot muscles of tg/ASA(Ϫ/Ϫ) mice, indicating muscle denervation. Both prolongation of F-wave latency and reduction in NCV are consistent with a demyelinating neuropathy, which leads to a slowing of nerve conduction in tg/ ASA(Ϫ/Ϫ) mice. Furthermore, reduction in CMAP amplitude and spontaneous activity on EMG indicative of denervation suggest a loss of myelinated fibers secondary to demyelination.
Discussion
A limitation of the current MLD mouse model is the insufficient myelin pathology in both the CNS and PNS (Hess et al., 1996; Wittke et al., 2004) . Mild phenotypes were also observed in mouse models of other lysosomal storage disorders [e.g., ␣-galactosidase and in ␤-hexosaminidase A-deficient mice models of Fabry and Tay-Sachs disease (Sango et al., 1995), respectively] . In the latter, this was explained by species specificities of metabolic pathways (Sango et al., 1995; Phaneuf et al., 1996) , but otherwise the molecular basis for the unexpectedly mild phenotypes in mouse models are unknown.
It has been shown that sulfatide in myelin has a very long half-life of Ͼ6 months (Jungalwala, 1974) . It therefore can be assumed that accumulation of sulfatide is a rather slow process that has to continue for several months to Ͼ1 year before diseasecausing levels are achieved. This could explain why even the severest form of MLD patients does not develop first symptoms before the age of 18 -24 months. In addition, the short lifespan of mice would not allow accumulating disease-causing amounts of lipid. We hypothesized that an increase in sulfatide synthesis should lead to a more rapid accumulation possibly resulting in myelin pathology during the lifespan of a mouse. In fact, tg/ ASA(Ϫ/Ϫ) mice accumulated significantly larger amounts of sulfatide in the brain and in peripheral nerves compared with non-tg ASA(Ϫ/Ϫ) mice of the same age. This was accompanied by a strong reinforcement of neurological symptoms in older animals (Ͼ16 months of age), such as weakness and progressive paralysis of hindlimbs, slow nerve conduction, and evidence for muscle denervation. These symptoms are highly reminiscent of human MLD (von Figura et al., 2001) . Histology of peripheral nerves in tg/ASA(Ϫ/Ϫ) strongly resembled sections of sural nerve biopsies of MLD patients [Guseo et al. (1975) , compare their Figs. 6, 1]. There were signs of repeated demyelination and remyelination resulting in hypertrophic neuropathy. Loss of myelin explains the reduction in NCV in the mice mimicking a clinical hallmark of MLD patients. In the CNS, the inhomogeneous myelin thickness in the corpus callosum, the frequency of hypomyelinated and demyelinated axons in the corpus callosum and optic nerve, and, in particular, the substantially reduced MBP levels are in accordance with an incipient loss of myelin. Sulfatide storage in brain was increased particularly in phagocytes. Because these cells take up myelin debris, this strongly argues for increased degeneration of myelin in the tg/ASA(Ϫ/Ϫ) mice. The presence of lipid predominantly in phagocytes was also described in autoptic brains of patients (Bardosi et al., 1987) . Among changes in the CNS, the reduction in MBP offers a convenient parameter to follow to quantify effects of therapeutic trials in this animal model.
The myelin alterations in the CNS of the tg/ASA(Ϫ/Ϫ) mice are less prominent than in the PNS. In the CNS, the myelin pathology is not homogeneously widespread but appears rather inhomogeneously focal. The PNS pathology of mice can be compared directly to human sural nerve biopsies, mostly taken for diagnostic purposes at early stages of clinically overt disease. In contrast, description of CNS pathology depends solely on finalstage autoptic brains of deceased patients. There are no descriptions of brain pathology at earlier disease stages, so that CNS pathology found in tg/ASA(Ϫ/Ϫ) mice cannot be directly compared with patients. Because the symptoms of the tg/ASA(Ϫ/Ϫ) mice do not mimic the complete paralysis of final-stage patients, the mice must be considered to reflect stages of clinically overt MLD at which sural nerve biopsies are performed. Therefore, the lack of morphologically detectable widespread loss of myelin in the CNS of tg/ASA(Ϫ/Ϫ) mice may well resemble the situation of humans at similar stages of disease. Although the clinical history of MLD is still insufficiently described, some reports, in fact, suggest that symptoms caused by peripheral myelin loss precede those caused by CNS demyelination. The stronger affection of peripheral nerve myelin in the tg/ASA(Ϫ/Ϫ) mice may reflect this clinical observation. In addition, tg/ASA(Ϫ/Ϫ) mice displayed spontaneous activity in the EMG measurements, indicating muscle denervation attributable to axonal degeneration. Such secondary axonal pathology has been frequently observed in other demyelinating diseases (Bjartmar et al., 1999) .
The time course of sulfatide accumulation in tg/ASA(Ϫ/Ϫ) mice, compared with sulfatide levels in non-tg ASA(Ϫ/Ϫ) mice, suggests that sulfatide synthesis was twofold increased in transgenic compared with non-tg mice. An increase in sulfatide synthesis could explain the decrease in its precursor GalC in tg/ . It has to be mentioned that, except for ASA(ϩ/Ϫ), the retinas of all respective optic nerves shown here displayed degeneration of the photoreceptor cells. The optic nerve of ASA(ϩ/Ϫ) mice (A) was inconspicuous; the nerve fibers appear densely packed (E). The optic nerve in tg/ASA(ϩ/Ϫ) (B) is inconspicuous at the LM level; at the EM level astroglial processes (A) appear slightly increased. The non-tg ASA(Ϫ/Ϫ) nerve (C) contains several sulfolipidstoring macrophages (arrows) such as shown in Figure 4 , D and E. At the EM level, astrogliosis is apparent in ASA(Ϫ/Ϫ) mice (G). The arrow points to a thinly myelinated axon of relatively large diameter, suggestive of remyelination. In the tg/ASA(Ϫ/Ϫ) nerve (D), the sulfolipid-storing macrophages are even more increased in size and number. At the EM level, astrogliosis (A) is apparent (H ); arrows point to thinly myelinated axons, and the double arrow points to an axon without myelin sheath despite its relatively large diameter, suggestive of remyelination and demyelination, respectively. Scale bars: A-D, 100 m; E-H, and 2.5 m. 
